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A hybrid Cowpea chlorotic mottle virus (CCMV) [CCMV(B3a)] in which the CCMV 3a movement protein gene is replaced
by the 3a (B3a) gene of Brome mosaic virus cannot infect cowpea systemically. Previously, analysis of RNA3 cDNA clones
constructed from cowpea-adapted mutants derived from CCMV(B3a) revealed that a single codon change in the B3a gene
allowed CCMV(B3a) to infect cowpea systemically. In this study, to extend the analysis of the CCMV(B3a) adaptation
mechanism, we directly sequenced B3a gene RT-PCR products prepared from 28 cowpea plants in which cowpea-adapted
mutants appeared, and found seven patterns of a codon change localized at five specific positions in the central region
(Ser118, Glu132, Glu138, Gln178, and Ser180). All of the patterns involved an amino acid change to Lys or Arg. Mutational analysis
of the B3a gene demonstrated that a single codon change resulting in either Lys or Arg at any of the five positions was
sufficient for the adaptation of CCMV(B3a) to cowpea. In contrast, CCMV(B3a) variants with a codon change resulting in Lys
or Arg at three other positions (137, 155, and 161) in the B3a gene not only showed lack of systemic infection of cowpea but also
showed weakened initial cell-to-cell movement in the inoculated leaves and diminished B3a accumulation in protoplasts. These
results suggest that adaptive changes in the B3a gene are site-specifically selected in cowpea plants. © 2001 Academic Press
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Plant RNA viruses have diverse genomic sequences
and different host ranges. The diversity may reflect a
long-term history of the adaptation of plant viruses to
nonhosts, implying that virus genomes have changed to
establish compatible interactions with plants. Systemic
infection of their susceptible hosts is achieved via three
common steps: (1) replication in initially infected cells, (2)
cell-to-cell movement from infected cells to neighboring
cells, and (3) long-distance movement from infected
leaves to healthy leaves through the phloem (Lucas and
Gilbertson, 1994; Carrington et al., 1996; Gilbertson and
ucas, 1996). As many plant viruses can replicate even in
ells of nonhosts (Hull, 1989; Dawson and Hilf, 1992),
ocal and/or long-distance movement are assumed to be
teps which substantially determine the host range of
iruses. Recently, analyses of experimentally engineered
utants and recombinants revealed that movement pro-
ein (MP) genes necessary for cell-to-cell movement are
lso associated with host-specific long-distance move-
ent (Mise et al., 1993; Fenczik et al., 1995; Wang et al.,
1998; Solovyev et al., 1999). Moreover, detailed studies of
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 181-75-753-6131. E-mail: chaki@kais.kyoto-u.ac.jp.
2 Present address: Japan International Research Center for Agricul-
tural Sciences (JIRCAS), Biological Resources Division, Ministry ofd
b
Agriculture, Forestry and Fisheries, 1-2 Oowashi, Tsukuba, Ibaraki
305-8686, Japan.
47spontaneous mutants demonstrated that a few mutations
in the MP genes are involved in the adaptation of the
viruses to nonhosts (Meshi et al., 1989; Weber et al.,
993; De Jong et al., 1995; Fujita et al., 1996). Thus, MP
enes play an important role in host-range determina-
ion.
Brome mosaic virus (BMV) and Cowpea chlorotic mot-
le virus (CCMV) are members of the genus Bromovirus.
hey have three separately encapsidated genomic
NAs, 1, 2, and 3 (Lane, 1981). Monocistronic RNA1 and
NA2 encode nonstructural proteins 1a and 2a, respec-
ively, both of which are required for viral RNA replication
Kroner et al., 1989, 1990). Dicistronic RNA3 encodes the
onstructural 3a MP and the coat protein, which are
ndispensable for cell-to-cell and long-distance move-
ent, respectively (Sacher and Ahlquist, 1989; Allison et
l., 1990; Mise and Ahlquist, 1995; Schmitz and Rao,
996). Although both BMV and CCMV can systemically
nfect an experimental host, Nicotiana benthamiana,
heir natural host ranges are quite different. BMV sys-
emically infects monocotyledonous grasses such as
arley but does not systemically infect legumes. In con-
rast, CCMV systemically infects dicotyledonous le-
umes such as cowpea but does not systemically infect
rasses (Lane, 1981; Mise et al., 1993).
A hybrid CCMV [CCMV(B3a)] in which the CCMV 3a
P gene is precisely replaced by the BMV 3a MP (B3a)
ene spreads in the inoculated leaves of cowpea but
oes not infect cowpea systemically, while it retains
asic functions required for systemic infection of N.
0042-6822/01 $35.00
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48 SASAKI ET AL.benthamiana (Mise et al., 1993). However, in the unin-
oculated upper leaves of four of 42 cowpea plants inoc-
ulated with CCMV(B3a), cowpea-adapted mutants, which
could infect cowpea systemically, appeared (Mise et al.,
1993). Sequence and mutational analyses of eight RNA3
cDNA clones constructed from total RNA extracted from
one of the four plants revealed that only a single nucle-
otide substitution from A to C at position 776 in the B3a
gene, resulting in an amino acid change from Ser to Arg
at position 180 in B3a [A776C(S180R)], allowed
CCMV(B3a) to infect cowpea systemically (Fujita et al.,
1996, 1999). This implied that the mutation site in the B3a
gene played a crucial role in host–virus interactions
implicated in determination of the host range of
CCMV(B3a) (Fujita et al., 1996). However, sequence anal-
sis of the RNA3 clones derived from the other three
lants suggested that mutations other than
776C(S180R) are involved in the adaptation of
CMV(B3a) to cowpea (data not shown).
In this study, to extend our understanding of the
enomic changes necessary for the adaptation of
CMV(B3a) to cowpea, we analyzed a larger number of
owpea plants in which cowpea-adapted mutants had
ppeared. Through direct sequencing of RT-PCR prod-
cts of the B3a gene derived from progeny viruses,
hich had appeared in the upper leaves of 28 cowpea
lants inoculated with CCMV(B3a), we found character-
stic codon changes that resulted in amino acid changes
o Lys or Arg at five particular positions in the central
egion of the B3a gene. Mutational analysis of the B3a
ene revealed that a single-codon change to either Lys
r Arg at any of the five positions contributes to the
daptation of CCMV(B3a) to cowpea and the results
trongly suggest that these adaptive changes were site-
pecifically selected in cowpea to maintain efficient cell-
o-cell movement at an early stage of infection and stable
3a accumulation in a single cell. Furthermore, to exam-
ne the influence of the adaptive changes in the B3a
ene on the host range of BMV, we constructed BMV
ariants carrying the cowpea-adapted B3a gene and
ested their ability to systemically infect cowpea, barley,
. benthamiana, and Chenopodium quinoa. However,
one of the codon changes introduced affected the host
ange of BMV.
RESULTS
equencing the B3a gene derived from cowpea-
dapted CCMV(B3a) mutants
From among 170 cowpea plants inoculated with
CMV(B3a) [C11C21C3(B3a)], we selected 28 plants
hich showed systemic infection that resulted from the
ppearance of cowpea-adapted mutants for further in-
estigation in this study. Throughout this study, a tissue
rint assay was carried out to assess systemic infection
ith any inoculum. We extracted total RNA (includingiral RNA of cowpea-adapted mutants) from the infected
pper leaves of each of the 28 cowpea plants. Through
irect sequencing of RT-PCR products from the B3a gene
n the total RNA, we determined the common nucleotide
ubstitutions among segments amplified from the B3a
ene. By this approach, we could examine candidates for
utations required for the adaptation of CCMV(B3a) to
owpea more efficiently than by sequencing RNA3
lones, each of which possessed many extra substitu-
ions not responsible for the adaptation (Fujita et al.,
996, 1999).
The direct sequencing of RT-PCR products revealed
hat, with the exception of the case of one plant (B23), the
3a gene contained only a single nucleotide substitution,
hich resulted in changes from Ser, Glu or Gln to Lys at
ositions 118, 132, 138, and 178 or from Ser or Gln to Arg
t positions 118, 178, and 180 (Table 1). In the case of
23, we found both single- and double-nucleotide sub-
titutions which resulted in changes from Ile to Leu at
osition 115 and from Ser to Lys at position 118. In
articular at 118 and 178, changes to either Lys or Arg
ere found. At 180, the same change from Ser to Arg
ccurred as a result of a nucleotide substitution (C778A)
ifferent from that of A776C(S180R) previously reported
Fujita et al., 1996), which was not found in this experi-
ent.
dentification of CCMV(B3a) mutations conferring the
bility to infect cowpea systemically
Sequence analysis of the B3a gene derived from the
owpea-adapted mutants strongly suggested that single-
odon changes resulting in either Lys or Arg at any of
ive positions (i.e., 118, 132, 138, 178, and 180) allow
CMV(B3a) to infect cowpea systemically. We then con-
tructed 10 C3(B3a) cDNA clones with a change result-
ng in Lys or Arg at each of five codons, S118K, S118R,
132K, E132R, E138K, E138R, Q178K, Q178R, S180K, and
180R (Table 2). Furthermore, to examine the role of the
odon change resulting in Leu at position 115, in the
daptation of CCMV(B3a) to cowpea, two cDNA clones,
115L1S118R and I115L, were also constructed (Table 2).
When cowpea plants were inoculated with each of the
3(B3a) derivatives in combination with C1 and C2, all of
he former 10 C3(B3a) derivatives were found to infect
owpea systemically (Table 2). This demonstrated that,
s well as A776C(S180R) reported previously (Fujita et
al., 1996), a single codon change resulting in either Lys
or Arg at position 118, 132, 138, 178, or 180 is sufficient by
itself to confer compatibility with cowpea to CCMV(B3a).
In contrast, although a double-mutated derivative
I115L1S118R could infect cowpea systemically with
chlorotic symptoms being evident in the upper leaves, a
single-mutated derivative, I115L, could do so only in the
case of one of 10 inoculated plants (Table 2), showing
that the mutation resulting in Leu at position 115 is not
49CHARACTERISTIC BMV MP ALTERATIONS FOR ADAPTATIONnecessarily required for the adaptation of CCMV(B3a) to
cowpea. Concerning the one cowpea plant which
showed systemic infection with the I115L variant, we
directly sequenced the RT-PCR products derived from
the B3a gene prepared from total RNA from this plant,
because it was assumed that a second-site mutation(s)
might have occurred in the gene. Interestingly, the codon
change Q178R, resulting in Arg at 178, was observed in
addition to the originally introduced change to Leu at
position 115 (Table 2). In the case of the derivatives
which could infect cowpea systemically, the mutations
introduced were maintained in the progeny viruses re-
covered from the upper leaves (data not shown). The
TABLE 1
Codon and Amino Acid Changes in BMV 3a Protein Gene of
Adaptive Mutants Derived from CCMV(B3a)
Change of
Cowpea plantbCodon (positiona) Amino acid (positiona)
AGC3 AGA (592) Ser3 Arg (118) A9
B7
B8
B14
B26
ATA3 TTA (581) Ile3 Leu (115) B23
AGC3 AAA (591, 592) Ser3 Lys (118)
GAA3 AAA (632) Glu3 Lys (132) A1
A10a
A16
A17
A18
A19a
A23b
B13
B18
GAG3 AAG (650) Glu3 Lys (138) A10b
A23a
B27
B38
B43
CAA3 AAA (770) Gln3 Lys (178) A7
A12
A13
A51
CAA3 CGA (771) Gln3 Arg (178) A22
B4
AGC3 AGA (778) Ser3 Arg (180) A19b
A21
AGC3 CGC (776) Ser3 Arg (180) YF3c
a Positions of nucleotide and amino acid changes follow the align-
ments presented previously (Ahlquist et al., 1981; Allison et al., 1989).
b Cowpea cultivars, California Blackeye and Blackeye No. 5, in which
adaptive mutants appeared are referred to by the prefixes A and B,
respectively.
c An RNA3 cDNA clone with the mutation A776C(S180R) in the sub-
stituted 3a gene reported previously (Fujita et al., 1996).infected upper leaves displayed chlorotic symptoms as-
sociated with veins, although the severity of symptoms inthe case of E132K and E132R was apparently weaker
than that in the case of the other derivatives (data not
shown). This result was consistent with the previous
reports that the mutations in the B3a gene influence the
phenotypic symptoms (Rao and Grantham, 1995a; Fujita
et al., 1996).
CCMV(B3a) and C11C21YF3 bearing A776C(S180R)
can establish systemic infection of N. benthamiana, a
symptomless common host for BMV and CCMV (Table 2)
(Mise et al., 1993; Fujita et al., 1996). When N. benthami-
ana plants were inoculated with S118K(or R), E132K(or R),
E138K(or R), Q178K(or R), or S180K(or R) together with C1
and C2, all derivatives infected them systemically (Table
2), demonstrating that none of the codon changes re-
quired for the adaptation of CCMV(B3a) to cowpea influ-
ences the basic ability to systemically infect N.
benthamiana. Furthermore, when we inoculated C. qui-
noa with C3(B3a) and the cowpea-adapted C3(B3a) de-
rivatives together with C1 and C2, all inocula failed to
systemically infect these plants. However, at all inocula-
tion sites, local necrotic lesions were formed in the
inoculated leaves (data not shown), similar to those in-
duced by wild-type (wt) CCMV (Rao, 1997).
Site-specificity of adaptive changes in the central
region of B3a
All codons with nucleotide substitutions resulting in
Lys or Arg including A776C(S180R) (Fujita et al., 1996)
required for the adaptation of CCMV(B3a) to cowpea
were located at five particular positions in the central
region of the B3a gene (Fig. 1A). It was of interest to
determine whether codon changes in the central region
of the B3a gene resulting in Lys or Arg at positions other
than 118, 132, 138, 178, or 180 would influence systemic
infection of cowpea. Thus, we constructed six C3(B3a)
cDNA clones, Q137K, Q137R, S155K, S155R, E161K, and
E161R, with mutations resulting in Lys or Arg at three
positions, 137, 155, and 161, instead of Gln, Ser, and Glu,
respectively (Table 2). These positions were selected
because most of the spontaneous codon changes re-
quired for CCMV(B3a) adaptation had occurred at
codons coding for Gln, Ser, or Glu through a single-
nucleotide substitution (Table 1). When cowpea was in-
oculated with each of these six C3(B3a) derivatives to-
gether with C1 and C2, none of them could infect cowpea
systemically (Table 2). It is notable that codon changes
affecting the amino acid residue at position 137 next to
the adaptation-related position 138 failed to confer com-
patibility with cowpea. These results suggested that
adaptive changes in the B3a gene are site-specifically
selected in cowpea.
To examine the site-specific effect in more detail, we
examined to what extent C3(B3a) and the cowpea-
adapted or -nonadapted C3(B3a) derivatives could
spread in the inoculated leaves by press blot analysis. In
utant w
50 SASAKI ET AL.the case of C3(B3a), many punctate localized signals
were detected at 6 days postinoculation (dpi) as reported
previously (Fig. 2) (Mise et al., 1993). At 6 dpi, C3(B3a)
derivatives which infect cowpea systemically [S118K(and
R), E132K(and R), E138K(and R), Q178K(and R),
S180K(and R), and YF3 carrying A776C(S180R) (Fujita et
al., 1996)] showed signals around and along the veins
(Fig. 2 and data not shown), indicating that they likely
move to the upper leaves through the vasculature. In
contrast, in the case of other C3(B3a) derivatives
[Q137K(and R), S155K(and R), and E161K(and R)], we
could detect little or no signal in the inoculated leaves at
6 dpi and even at 14 dpi (Fig. 2 and data not shown). As
a negative control, we used C3(B3a-fs) in which the 3a
gene of C3(B3a) is inactivated by a frameshift mutation
and which is not able to move even to neighboring cells
(Mise and Ahlquist, 1995), consequently displaying no
signal in the inoculated leaves, even at 6 dpi (Fig. 2). To
know whether the movement-deficiency of the six above-
mentioned C3(B3a) derivatives is cowpea-specific, we
examined the infectivity of the derivatives in N. bethami-
ana and C. quinoa by a tissue print assay. In the case of
N. bethamiana, we detected no signals in the upper
leaves (Table 2), while in some inoculated leaves, there
were signals much fainter than those in the case of
T
Systemic Infection of Cowpea or N
C3(B3a) derivatives Cowpeaa N. benthamianaa
S118K 12/15 3/4
S118R 23/24 3/4
E132K 6/6 3/4
E132R 6/6 3/3
E138K 9/9 3/4
E138R 10/12 3/3
Q178K 15/15 4/6
Q178R 8/8 3/3
S180K 7/9 3/3
S180R 5/6 3/3
I115L 1 S118K 9/11 NT
I115L 1/10c NT
Q137K 0/6 1/4
Q137R 0/6 0/4
S155K 0/6 0/4
S155R 0/6 0/4
E161K 0/6 0/4
E161R 0/6 0/4
YF3 6/6 3/3
C3(B3a) 0/6 3/4
Mock 0/6 0/3
Note. Systemic infection was examined by the tissue printing assay
a Infectivity of CCMV(B3a) variants on cowpea or N. benthamiana is
b Positions of nucleotide and amino acid changes follow the alignm
c One plant which showed systemic infection with I115L contained a m
mutation to Leu at 115.C3(B3a) (data not shown). However, in one plant inocu-
lated with Q137K (Table 2), we detected a few strongsignals in the inoculated and the upper leaves (data not
shown), suggesting the appearance of a mutant with the
ability of systemic infection of this plant. In the case of C.
quinoa, we neither detected any signals in the inoculated
and the upper leaves nor observed any local necrotic
lesions in the inoculated leaves (data not shown). These
results strongly suggested that CCMV(B3a) lost the cell-
to-cell movement ability or showed remarkably dimin-
ished initial efficient cell-to-cell movement due to the
codon changes resulting in Lys or Arg at 137, 155, or 161.
Furthermore, we compared C3(B3a) and its derivatives
in terms of the levels of accumulation of RNA3 and B3a
in cowpea protoplasts. We incubated the infected proto-
plasts for 24 h and then subjected them to Northern and
Western blot analyses. Northern blot analysis showed
that the levels of accumulation of RNA3 relative to
RNA112 were similar among C3(B3a) and its derivatives
(Fig. 3A), showing no effect of the mutations on replica-
tion of RNA3. Western blot analysis, however, revealed
that, although the levels of accumulation of the coat
protein were similar among C3(B3a) and all of its deriv-
atives (data not shown), the levels of accumulation of
B3a in the case of the movement-defective C3(B3a) de-
rivatives relative to their coat protein were one-third to
hamiana with C3(B3a) Derivatives
Nucleotide substitution(s)b Amino acid change(s)b
G591A 1 C592A Ser 118 Lys
C592A Ser 118 Arg
G632A Glu 132 Lys
G632A 1 A633G Glu 132 Arg
G650A Glu 138 Lys
G650A 1 A651G 1 G652A Glu 138 Arg
C770A Gln 178 Lys
A771G Gln 178 Arg
G777A 1 C778A Ser 180 Lys
C778A Ser 180 Arg
A581T 1 G591A 1 C592A Ile 115 Leu 1 Ser 118 Lys
A581T Ile 115 Leu
C647A Gln 137 Lys
A648G 1 G649C Gln 137 Arg
G702A 1 C703A Ser 155 Lys
C703A Ser 155 Arg
G719A Glu 161 Lys
G719A 1 A720G Glu 161 Arg
A776C Ser 180 Arg
et al., 1993). NT, not tested.
as systemically infected plants/inoculated plants.
esented previously (Ahlquist et al., 1981; Allison et al., 1989).
ith the same mutation as Q178R in addition to the originally introducedABLE 2
. bent
(Mise
shown
ents prone-half of that in the case of C3(B3a) (Fig. 3B). The
levels of accumulation of B3a in the case of the move-
aw LAGL
r
51CHARACTERISTIC BMV MP ALTERATIONS FOR ADAPTATIONment-competent C3(B3a) derivatives were similar to or
greater than that in the case of C3(B3a) (Fig. 3B).
Effects of the cowpea-compatible B3a gene on BMV
host range
It was of interest to determine whether any of the B3a
gene derivatives compatible with cowpea would allow
cowpea-nonadapted BMV to infect cowpea systemically
or influence its host range, although it was previously
demonstrated that, when barley was inoculated with a
B3 derivative carrying A776C(S180R) together with B1
and B2, the BMV mutant could infect it systemically
(Fujita et al., 1996).
To generate the B3 derivatives more conveniently, we
used B3(Bm) as BMV template RNA3 instead of wt B3
(see Materials and Methods). after confirming that
B3(Bm) shows systemic infection of barley (Table 3).
Then, 11 B3 derivatives with codon changes resulting in
Lys or Arg at 118, 132, 138, 178, and 180 [BS118K(and R),
BE132K(and R), BE138K(and R), BQ178K(and R),
BS180K(and R), and BYF3] were constructed (Fig. 1B).
These derivatives, which contained the same codon
change in the B3a gene as those introduced into the
C3(B3a) derivatives, are referred to using the prefix “B”;
e.g., BE132K has the same codon change as E132K.
FIG. 1. Schematic representation of mutations in the central region o
gene of BMV (B3a; closed box) and the coat protein gene of CCMV (C
CCMV or BMV are indicated by thin or thick horizontal lines, respective
the codon changes resulting in Lys or Arg at positions 118, 132, 138, 17
change resulting in Ile at 115, which was not responsible for the adap
t 137, 155, and 161 ( ), through which CCMV(B3a) lost the cell-to-cell m
Each position of the codon changes is also indicated, according to the
hite letters on the magnified central region represent the consensus
espectively) (Romero et al., 1992) (see Discussion).Cowpea, barley, and N. bethamiana were inoculated with
each of the B3 derivatives together with B1 and B2. Inaddition, we used C. quinoa, an experimental systemic
host of BMV, which shows chlorotic spots and distortion
in the upper infected leaves upon infection (Rao and
Grantham, 1995b). All of the B3 derivatives systemically
infected barley, N. benthamiana, and C. quinoa but not
cowpea, although BE132K showed lower infectivity in
barley than in the other mutants (Table 3). Progeny vi-
ruses recovered from the infected upper leaves of barley
maintained the introduced mutations (data not shown).
These results revealed that the B3a gene, which was
assumed to be compatible with cowpea, did not influ-
ence the host range of BMV.
DISCUSSION
In this study, to determine comprehensively and effi-
ciently what changes in the CCMV(B3a) genome are
required for adaptation to cowpea, we obtained 28 cow-
pea plants that were systemically infected after inocula-
tion with CCMV(B3a), resulting from the appearance of
cowpea-adapted mutants, and we analyzed the changes
in the B3a gene by the RT-PCR direct-sequencing
method. The data presented here demonstrate the char-
acteristics of the mutation patterns, which can help us to
understand the mechanism of CCMV(B3a) adaptation.
Besides the case of A776C(S180R) (Fujita et al., 1996),
gene of C3(B3a) (A) or B3 (B). Open reading frames of the 3a protein
n box) or BMV (Bcp; closed box) are illustrated. Noncoding regions of
central region where mutations are located is magnified. Positions of
180 ( ), which allowed CCMV(B3a) to infect cowpea systemically; the
f CCMV(B3a) to cowpea ( ); and the changes resulting in Lys or Arg
t ability and diminished B3a accumulation in protoplasts are indicated.
ent reported previously (Ahlquist et al., 1981; Allison et al., 1989). The
I-like motifs (LPALI and LSGVV at amino acids 146–150 and 179–183,f the 3a
cp; ope
ly. The
8, and
tation o
ovemen
alignmwe found through sequencing the entire B3a gene de-
rived from all adaptive mutants that codon changes re-
c
o
52 SASAKI ET AL.sulting in amino acid changes in B3a had occurred
(Table 1) and that these are solely sufficient to allow
CCMV(B3a) to infect cowpea systemically (Table 2). Al-
though it was predicted that the number of mutations
required for the hybrid to adapt to cowpea is small (Mise
et al., 1993), the existence of several mutation patterns
associated with CCMV(B3a) adaptation may explain why
the occurrence of cowpea-adapted mutants was ob-
served in as many as 28 of 170 cowpea plants inoculated
with CCMV(B3a). Furthermore, our results strongly sug-
FIG. 2. Press blot analysis of viral RNA accumulation and distribution
in the inoculated leaves of cowpea at 6 dpi. Leaves were inoculated
with in vitro transcripts from cDNA clones of hybrid RNA3 derivatives
[C3(B3a), S118K(or R), E132K(or R), E138K(or R), Q178K(or R), S180K(or
R), Q137K(or R), S155K(or R), E161K(or R), C3(B3a-fs), or YF3; see
Results and Table 2] together with transcripts from cDNA clones of
RNA1 and RNA2 of wt CCMV. E138K and Q137K show representative
press blot analysis of the cowpea-adapted [S118K(and R), E132K(and
R), E138K(and R), Q178K(and R), S180K(and R), and YF3] and cowpea-
nonadapted [Q137K(and R), S155K(and R), and E161K(and R)] C3(B3a)
derivatives, respectively. Although the cowpea-adapted C3(B3a) deriv-
atives gave signals along the veins, the cowpea-nonadapted C3(B3a)
derivatives as well as C3(B3a-fs) did not show any signals. Press blots
of half-leaves whose abaxial epidermis was peeled at the time of
harvesting at 6 dpi were analyzed by using a 32P-labeled riboprobe
omplementary to the positive-strand conserved 39-terminal sequence
f CCMV RNAs.gest that the inability of CCMV(B3a) to infect cowpea
systemically results from incompatibility of the B3a genewith cowpea (Mise et al., 1993) and our results support
the previous findings that indicate that the adaptation of
CCMV(B3a) to cowpea is probably mediated by the
amino acid sequence rather than by the nucleotide se-
quence (Fujita et al., 1996).
Although we could not find codon changes resulting in
Arg at 132 or 138 or Lys at 180 through sequencing the
B3a gene derived from the mutants (Table 1), these
changes allowed CCMV(B3a) to infect cowpea systemi-
cally (Table 2). Thus, all codon changes which were
required for systemic infection of cowpea resulted in
amino acid changes to Lys or Arg (Table 2). These
results suggest that the properties of Lys or Arg are
important factors to confer the ability to systemically
infect cowpea. Lys and Arg are both hydrophilic and
positively charged. The hydrophilicity of Lys and Arg,
however, may not be involved in the adaptation of
CCMV(B3a) to cowpea since the amino acids being re-
placed (Ser, Gln, and Glu) are originally all hydrophilic. By
contrast, the positive charges of Lys and Arg are consid-
ered to increase the local net charge of B3a because at
118 (Ser), 178 (Gln), and 180 (Ser) an additional charge is
introduced and at 132 (Glu) and 138 (Glu) negative
charges are replaced by a positive charge. This sug-
gests the involvement of an electrostatic interaction of
B3a with viral or putative host factors in systemic infec-
tion of cowpea, while it is also possible that the confor-
mational change of B3a by the changes to Lys or Arg
contributes to CCMV(B3a) adaptation.
All adaptive changes localized at five positions in B3a
(i.e., 118, 132, 138, 178, or 180) (Table 2), suggesting that
the positions of amino acid changes in B3a are also
crucial for CCMV(B3a) adaptation. When the codon
changes resulting in Lys or Arg at positions 137 (Gln),
155 (Ser), and 161 (Glu) were introduced into the B3a
gene, they were not adaptive but rather harmful in terms
of efficient cell-to-cell movement in the inoculated leaves
and in terms of accumulation of B3a in protoplasts (Table
2 and Figs. 2 and 3B). In particular it should be noted that
exactly the opposite results were obtained in the case of
Q137K(and R) and E138K(and R) (Table 2 and Figs. 2 and
3B). In addition, dysfunction of B3a for movement ren-
dered by these changes is not cowpea-specific because
the cowpea-nonadapted CCMV(B3a) variants did not in-
fect N. benthamiana systemically (Table 2) nor did they
form any local lesions in C. quinoa (data not shown).
Previously, it was reported that the central region of B3a
includes two LAGLI-like motifs [LPALI and LSGVV motifs
(in one-letter amino acid code) are conserved at resi-
dues 146–150 and 179–183, respectively (Fig. 1)], which
are assumed to contribute to maintain the correct con-
formation of the 3a protein (Romero et al., 1992). There-
fore, the harmful effects of the changes at 137, 155, and
161 imply that the central region of B3a is fundamentally
essential for the correct folding of B3a, for efficient move-
ment of the virus from cell to cell, and for stable accu-
compa
53CHARACTERISTIC BMV MP ALTERATIONS FOR ADAPTATIONmulation of B3a. Taken together, we hypothesize that,
since the amino acid substitutions in the central region
are likely to affect the functional conformation of B3a,
subtle modification is required not only to confer the
systemic infection ability but also to maintain the capac-
ity for both cell-to-cell movement and stable 3a accumu-
FIG. 3. Comparison between inoculations with C3(B3a) and C3(B3a
internal standard of coinoculated RNA112 (A) and in terms of those o
coat protein (CP) (B). The averages of the relative accumulation levels o
R), S180K(and R), and YF3], cowpea-nonadapted [Q137K(and R), S155K
open, shaded, and closed columns, respectively, along with the standa
of RNA3 or B3a in the case of C3(B3a) derivatives was calculated by
repeated at least three times for (A) and five times for (B).lation. Consequently, the adaptive codon changes to Lys
or Arg are site-specific.It is hypothesized that virus MPs have separate func-
tional motifs essential for cell-to-cell movement between
specific tissue barriers (Wang et al., 1998). Although it
has been suggested that CCMV(B3a) is competent in
cell-to-cell movement between mesophyll cells as well
as epidermal cells (Mise and Ahlquist, 1995), further
atives in terms of the levels of accumulation of RNA3 relative to the
ulation of BMV 3a protein (3a) relative to the internal standard of the
wpea-adapted [S118K(and R), E132K(and R), E138K(and R), Q178K(and
, and E161K(and R)] C3(B3a) derivatives, and C3(B3a) are indicated as
iation (thin vertical line). A relative value of the levels of accumulation
rison with those in the case of C3(B3a). Protoplast experiments were) deriv
f accum
f the co
(and R)
rd devimmunocytochemical analysis recently revealed that
spread of CCMV(B3a) in cowpea leaves is blocked on
C. quin
of B3 d
54 SASAKI ET AL.the way to sieve elements from bundle sheath cells (Y.
Fujita et al., 2000). Our findings, with respect to identifi-
cation of the adaptive changes in B3a (Fig. 1), show the
possibility that the central region is an important domain,
which contains several special residues that may directly
or indirectly influence virus infection around the phloem.
Interestingly, a correlation between the decrease in
B3a accumulation and the defect in cell-to-cell move-
ment was observed (Figs. 2 and 3B). However, consid-
ering that an 18-fold decrease in the level of CCMV 3a
protein expression had little effect on cell-to-cell move-
ment of CCMV (De Jong et al., 1997), it is more likely that
each mutation results in a loss of the functional confor-
mation required for cell-to-cell movement, compared to
the likelihood that a decrease in B3a accumulation to
two-thirds to one-half of the wild-type level itself dramat-
ically affects efficient local spread.
As shown in Table 3, the BMV variants which contain
the cowpea-adapted B3a gene failed to infect cowpea
systemically. Since these variants could infect barley, N.
benthamiana, and C. quinoa systemically (Table 3), at
least they retained basic competence for systemic infec-
tion. This result reveals that, even if the B3a gene be-
comes adapted to cowpea, the compatibility of other
BMV genomic regions is required to allow BMV to infect
cowpea systemically. This is consistent with previous
reports indicating that RNA1 and/or RNA2 or RNA3 non-
coding regions of bromoviruses contain host-specific
determinants for systemic infection (Allison et al., 1988;
Mise et al., 1993; De Jong and Ahlquist, 1995), whereas
the coat protein gene does not (Osman et al., 1997).
T
Systemic Infection of Cowpea
B3 derivativesa Cowpeab Barle
BS118K 0/5 16/3
BS118R 0/7 23/3
BE132K 0/9 6/2
BE132R 0/5 12/2
BE138K 0/7 17/4
BE138R 0/5 17/3
BQ178K 0/7 17/3
BQ178R 0/5 18/2
BS180K 0/5 13/2
BS180R 0/7 12/3
BYF3 0/5 15/2
B3(Bm) NT 17/2
B3 0/6 14/3
Note. Systemic infection was examined by the tissue printing assay
a BS118K(and R), BE132K(and R), BE138K(and R), BQ178K(and R), B
changes in the B3a gene as in the case of S118K(and R), E132K(and R)
2 and Materials and Methods).
b Infectivity of B3 derivatives on cowpea, barley, N. benthamiana, or
c The mutations introduced were confirmed by sequencing progenyIn this study, we were able to demonstrate the diversity
of virus genomic changes through which CCMV(B3a)adapts to a nonhost, cowpea. However, it is still unclear
what properties or functions of B3a are altered and how
these alterations are involved in CCMV(B3a) adaptation.
To elucidate the whole picture of the adaptation mech-
anism, further studies are required.
MATERIALS AND METHODS
cDNA clones and plasmid construction
Viral cDNA clones, their in vitro transcripts, and prog-
eny RNAs will be referred to by the brief descriptive
names listed below, with laboratory plasmid designa-
tions following in parentheses. B1 (pB1TP3), B2
(pB2TP5), and B3 (pB3TP8) are wt cDNA clones of BMV
RNA1, RNA2, and RNA3, respectively (Janda et al., 1987).
C1 (pCC1TP1) and C2 (pCC2TP2) are wt cDNA clones of
CCMV RNA1 and RNA2, respectively (Allison et al., 1988).
C3(B3a) (pBC3KM11), in which the 3a gene in a CCMV
RNA3 cDNA clone, pCC3WD21, is precisely replaced by
the BMV 3a gene; C3(B3a-fs) (pBC3KM14), in which the
four-base frameshift insertion is introduced in the BMV
3a gene in C3(B3a); YF3 (pBC3YF3), in which the adap-
tive mutation A776C is introduced in the 3a gene in
C3(B3a); and YF6 (pB3YF6), in which the A776C mutation
is introduced into the 3a gene in B3, were described
previously (Mise et al., 1993; Mise and Ahlquist, 1995;
Fujita et al., 1996).
C3(B3a) derivatives, i.e., S118K(and R), E132K(and R),
E138K(and R), Q178K(and R), S180K(and R),
I115L1S118R, I115L, Q137K(and R), S155K(and R), and
E161K(and R) (pBC3SN1–SN18) were constructed by
V Hosts with B3 Derivatives
N. benthamianab C. quinoab
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
3/3 3/3
NT NT
3/3 3/3
et al., 1993). NT; not tested.
(and R) and BYF3 were constructed by introducing the same codon
(and R), Q178K(and R), S180K(and R) and YF3, respectively (see Table
oa is shown as systemically infected plants/inoculated plants.
erivatives derived from infected upper leaves of barley.ABLE 3
or BM
yb,c (%)
0 (53.3)
8 (60.5)
9 (15.8)
8 (42.9)
0 (42.5)
0 (56.7)
0 (56.7)
9 (62.1)
9 (44.8)
0 (40.0)
9 (51.7)
9 (58.6)
0 (46.7)
(Mise
S180K
, E138Ksite-directed mutagenesis of C3(B3a) with appropriate
primers. To amplify double-stranded cDNAs, we carried
c
(
a
55CHARACTERISTIC BMV MP ALTERATIONS FOR ADAPTATIONout two sets of PCR (Ito et al., 1991) in the case of
I115L1S118R, I115L, S118K(and R), E132K(and R),
Q137K(and R), E138K(and R), S155K(and R), and
E161K(and R), or a set of PCR in the case of Q178K(and
R) and S180K(and R) as previously described (Fujita et
al., 1996), under conditions specified for LA Taq DNA
polymerase (Takara, Otsu, Japan). Purification of ampli-
fied cDNAs on 1% low-melting-point agarose gels (FMC
BioProducts, Rockland, ME) and digestion of purified
cDNAs by EcoRI–ClaI for I115L1S118R, I115L, S118K(and
R), E132K(and R), Q137K(and R), E138K(and R),
S155K(and R), and E161K(and R), or by ClaI–BglII for
Q178K(and R) and S180K(and R) were performed. The
0.8-kb EcoRI–ClaI cDNA fragments were ligated with the
4.6-kb EcoRI–ClaI fragment of C3(B3a). The 0.4-kb ClaI–
BglII fragments ligated with the 5.0-kb ClaI–BglII frag-
ment of C3(B3a).
B3(Bm) (pB3TP14) was constructed by recombination
between B3 and pB3TP10 [B3(BmBg)] (Mise et al., 1993).
After treatment with ClaI and BglII, the 0.5- and 4.8-kb
fragments of B3 and B3(BmBg), respectively, were puri-
fied and ligated. To construct BS118K(and R),
BE132K(and R), and BE138K(and R) (pB3BN1–6),
S118K(and R), E132K(and R), and E138K(and R) were
digested with BamHI–ClaI, respectively, whereas in the
ase of BQ178K(and R), BS180K(and R), and BYF3
pB3BN7–10 and pB3BYF3), Q178K(and R), S180K(and R),
nd YF3 were with ClaI–Aor51HI, respectively. The
0.52-kb BamHI–ClaI and 0.46-kb ClaI–Aor51HI fragments
were ligated with the 4.78-kb BamHI–ClaI and 4.84-kb
ClaI–Aor51HI fragments of B3(Bm), respectively. Each of
the mutagenized C3(B3a) or B3 clones was sequenced to
ensure the presence of only the desired mutation(s).
Plants, plant maintenance, and virus inoculation
Cowpea (Vigna unguiculata cv. California Blackeye or
cv. Blackeye No. 5), barley (Hordeum vulgare L. cv. Hino-
dehadaka), C. quinoa, and N. benthamiana were main-
tained as described previously (Fujita et al., 1996).
The synthesis of capped transcripts from XbaI-linear-
ized, full-length cDNA clones of C1, C2, C3(B3a), and
C3(B3a) derivatives, and EcoRI-linearized, full-length
cDNA clones of B1, B2, B3, and B3 derivatives were
performed as previously described (Kroner and Ahlquist,
1992). Inoculation of whole plants of cowpea, barley, N.
benthamiana, and C. quinoa was performed essentially
as described previously (Ahlquist et al., 1984; Allison et
al., 1988; Kroner and Ahlquist, 1992; Mise et al., 1993;
Nagano et al., 1997), except that the primary leaves of
6-day-old barley plants, the two primary leaves of 6-day-
old cowpea plants, and the two large leaves of 4- to
5-week-old N. benthamiana plants were inoculated. To
enhance the rate of appearance of cowpea-adapted mu-
tants, the concentration of inoculum transcripts was
three times higher in the latter of experiments than in theformer. Two types of cowpea were inoculated with
CCMV(B3a) to obtain the mutants, but only California
Blackeye cowpea was used to test systemic infection
with viruses. Inoculation of cowpea protoplasts was car-
ried out as described previously (Mise et al., 1993).
Direct sequencing of cowpea-adapted and progeny
viruses
After we extracted total nucleic acids from cowpea
plants containing cowpea-adapted mutants or progeny
viruses of the CCMV(B3a) or BMV variants (see below),
synthesis of first-strand cDNAs of the 59-terminal half of
the viral RNA3 and amplification of these cDNAs by PCR
were carried out with appropriate primers under condi-
tions previously described (Fujita et al., 1996). Amplified
cDNAs were purified on 1% low-melting-point agarose
gels (FMC BioProducts). The resulting double-stranded
cDNAs were used as templates to directly sequence the
3a gene with appropriate primers. Nucleotide sequences
were analyzed by using an automated DNA sequencer
(Models 373A and 310; Applied Biosystems, Foster City,
CA) according to the manufacturer’s recommendation.
RNA analysis
Preparation for tissue prints of inoculated cowpea,
barley, N. benthamiana, and C. quinoa plants was carried
out as described previously (Mise et al., 1993). Total
nucleic acids were extracted from cowpea or barley
plants using RNeasy Plant Mini kit (Qiagen, Chatsworth,
CA) or from cowpea protoplasts as described previously
(Kroner and Ahlquist, 1992). Press blot analysis (Mise et
al., 1993) and Northern blot analysis (Tri et al., 1999) were
performed as previously described. Northern blot signals
were quantified with a digital radioactive imaging ana-
lyzer (Fujix BAS 2000; Fuji Photo Film, Tokyo, Japan).
Press blot and Northern blot analyses were indepen-
dently repeated at least three times for each inoculum. A
32P-labeled probe was mainly used to detect CCMV
RNAs (Allison et al., 1990), except that a probe was
labeled with digoxigenin (DIG; Roche Molecular Bio-
chemicals, Indianapolis, IN) to examine systemic infec-
tion of N. benthamiana plants, while detection of BMV
RNAs was performed only with a DIG-labeled probe.
DIG-labeled probes for BMV and CCMV were tran-
scribed from EcoRI-linearized pCC3RA518 and Hind III-
linearized pBSPL10, respectively (Allison et al., 1990;
Kaido et al., 1995). Prehybridization, hybridization, wash-
ing, and treatments with anti-digoxigenin-AP Fab frag-
ment (Roche Molecular Biochemicals) and CDP-star sub-
strate (New England Biolabs, Beverly, MA) were per-
formed essentially according to the manufacturer’s
instructions, except that prehybridization and hybridiza-
tion were carried out at 68°C.
AC
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56 SASAKI ET AL.Protein analysis
Proteins for Western blot analysis were prepared as
previously described (Mori et al., 1993). The proteins
were separated by electrophoresis on 12.5% polyacryl-
amide gels containing 0.1% sodium dodecyl sulfate
(Laemmli, 1970). Immunoblot analysis was carried out as
described elsewhere (Towbin et al., 1979) by using an
Immobilon-P transfer membrane (Millipore, Bedford,
MA). BMV 3a protein was detected with a mouse mono-
clonal antibody B3-1 and an alkaline-phosphatase-con-
jugated goat anti-mouse secondary antibody as de-
scribed previously (Fujita et al., 1998). The coat protein of
CCMV was detected with a rabbit anti-BMV antiserum
(ATCC PVAS-178 antiserum; American Type Culture Col-
lection, Rockville, MD) and an alkaline-phosphatase-con-
jugated goat anti-rabbit secondary antibody (Bio-Rad,
Richmond, CA), followed by a color reaction with
5-bromo-4-chloro-3-indolyl phosphate in combination
with nitroblue tetrazolium. Western blot signals were
scanned by an EPSON Scan II (Seiko Epson, Suwa,
Japan) and protein accumulation was quantified with the
Quantity One program (PDI Systems, Huntington Station,
NY). Western blot analysis was independently repeated
at least five times for each inoculum.
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